Background -Epidemiological evidence has implicated fine particulate air pollution, particularly particles less than 10 tm in diameter (PMO), in the development of exacerbations of asthma and chronic obstructive pulmonary disease (COPD) although the mechanism is unknown. The hypothesis that PM10 particles induce oxidant stress, causing inflammation and injury to airway epithelium, was tested. Methods -The effects of intratracheal instillation of PM,0 was assessed in rat lungs (three per group). Inflammatory cell influx was measured by bronchoalveolar lavage (BAL) and air space epithelial permeability was assessed as the total protein in BAL fluid in vivo. The oxidant properties of PM10 particles were determined by their ability to cause damage to plasmid DNA and by changes in reduced (GSH) and oxidised (GSSG) glutathione. The effects of PM10 particles were compared in some experiments with those of fine (CB) and ultrafine (ufCB) carbon black particles. Results -Six hours after intratracheal instillation of PM10 there was an influx of neutrophils (up to 15% oftotal cells in BAL fluid) into the alveolar space, increased epithelial permeability, the mean (SE) total protein in the BAL fluid increasing from 0.39 (0.01) to 0.62 (0.01) mg/ml, and increased lactate dehydrogenase (LDH) concentrations in the BAL fluid. An even greater inflammatory response was seen following intratracheal instillation ofufCB but not following CB instillation. PM10 particles had free radical activity in vivo, as shown by a decrease in GSH levels in the BAL fluid from 0.36 (0.05) to 0.25 (0.01) nmollml following instillation. The free radical activity ofPM1o was confirmed in vitro by its ability to deplete supercoiled plasmid DNA, an effect which could be reversed by mannitol, a specific hydroxyl radical scavenger. BAL fluid leucocytes from rats treated with PM10 produced greater amounts of nitric oxide (NO), measured as nitrite (control 3.07 (0.33), contaminated with small amounts of filter fibres due to the extraction process, the effects of instillation of filter fibres alone was assessed. These studies showed that filter fibres did not account for the proinflammatory and injurious effects of the PM10 suspension.
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Conclusions -These findings provide evidence that PM10 has free radical activity and causes lung inflammation and epithelial injury. These data support the proposed hypothesis for the mechanism by which particulate air pollution causes adverse effects in patients with airways diseases. Syngeneic Wistar-derived rats of the HAN strain were anaesthetised with pentobarbitone and a volume of 0.2 ml of PBS particle suspension was instilled intratracheally. The controls for these experiments were both animals which did not receive any instillation and animals instilled with 0.2 ml PBS alone. Experiments were also carried out following intratracheal instillation of 0.2 ml filter fibre suspension.
BRONCHOALVEOLAR LAVAGE (BAL) Six hours after intratracheal instillation of the particle suspensions the rats were killed and 4 ml PBS at 37°C was instilled and withdrawn from the lungs. After centrifugation this solution was referred to as BAL fluid. To obtain leucocytes from the BAL fluid 4 x 8 ml PBS was used to wash the lungs and collected in a Universal tube The cell suspension was then spun and cell pellets were resuspended in DMEM medium (Gibco, Paisley, UK) with 0.2% low endotoxin-bovine serum albumin (BSA, Sigma, Poole, UK) in which the cells from the first lavage were combined. The total and differential numbers of leucocytes in the BAL fluid were thus obtained; BAL leucocytes from control animals consisted of >99% macrophages.
To prepare soluble lung homogenate for measurement of reduced (GSH) and oxidised (GSSG) glutathione the lungs were resected after lavage and blotted dry. Since instillation experiments produce an uneven distribution of particles, and hence an uneven inflammatory response in the air spaces, we randomly sampled 1 g of lung tissue from all lung lobes. The samples were homogenised in 5% sulphosalicylic acid and the supematant was then diluted in 0.1 M potassium phosphate buffer.
COLLECTION OF CELL CULTURE SUPERNATANT
BAL leucocytes from control rats and rats after intratracheal instillation of PM1o particles were cultured in DMEM (Gibco) + 0.2% BSA (Sigma) at a concentration of 1 x 106 per ml for 24 hours. The supematant was then collected for the measurement of nitrite and tumour necrosis factor (TNF) as described below.
The A549 human type II alveolar epithelial cell line was purchased from ECACC (Salisbury, UK) and maintained in MEM medium containing 10% fetal calf serum. To determine particle induced A549 epithelial cell permeability and changes in glutathione levels the cells were co-incubated with PM1o suspension in MEM+2% BSA for six hours.
MEASUREMENT OF EPITHELIAL PERMEABILITY IN VIVO AND IN VITRO
Rat lung epithelial permeability was assessed as the total protein concentration in BAL fluid. In a previous study9 we confirmed that this technique produced similar results to measurements of air space epithelial permeability assessed as the passage of iodine-125 labelled BSA from air space to blood.'0 Protein concentrations were determined by incubating BAL fluid with Biorad solution (Big-Rap, Munchen, Germany) for 10 minutes at room temperature. The absorbance was read at 595 nm on a spectrophotometer (Unicam 8700 series, Cambridge, UK) and the concentration was determined by comparison with a standard curve for BSA.
The permeability of A549 epithelial cell monolayers was determined using a modification of a technique which we developed previously.'0 However, instead of '25I-BSA we used unlabelled BSA in the assay. In brief, A549 cells were cultured on Nunc tissue culture inserts (Gibco) in a 24-well plate to form cell monolayers which were incubated with particle suspensions for six hours. The medium in both inserts and wells was replaced with PBS followed by the addition of 1 mg of BSA into the insert. After 30 minutes the PBS in the wells was sampled and protein concentrations were determined.
TUMOUR NECROSIS FACTOR (TNF), LACTATE DEHYDROGENASE (LDH) AND NITRITE ASSAYS TNF activity in BAL fluid and the supematant from BAL leucocytes was measured using the L929 cell bioassay as described previously.9 LDH concentrations were assessed using the method of Bergmeyer et al. l Nitric oxide (NO) generation was determined as accumulated nitrite measured by a modified microplate assay using the Griess reagent.'2 In brief, samples were incubated with an equal volume of the Griess reagent at room temperature for 10 minutes. The absorbance at 540 nm was determined with an MR650 plate reader (Dynatech Laboratories Inc, USA) using sodium nitrite (Sigma) as the standard.
MEASUREMENT OF PARTICLE FREE RADICAL ACTIVITY
The free radical activity of the PM,, suspension was assessed by its ability to damage plasmid DNA as previously described. 3 In brief, (pX 174 RF plasmid DNA was incubated with 5 pl of particle suspensions at 37°C in a water bath for eight hours. Tracking dye was added to the DNA samples and the three plasmid forms (supercoiled, relaxed coil, and linearised plasmid) were separated by electrophoresis for 16 hours at 30 volts on a 0.8% agarose gel (Sigma). Photography of ethidium bromidestained agarose gels under ultraviolet light showed the proportion of relaxed coil DNA, providing an indication of the free radical damage to the plasmid. This was then quantified by scanning laser densitometry (LKB Bromma, Uppsala, Sweden). To determine the nature of the free radical activity, mannitol (BDH Chemicals, Poole, UK) was added to the DNA-PM,, mixture in a final concentration of 4 mM before the assay.
MEASUREMENT OF GSH AND GSSG
The total cellular GSH concentration was assayed by the GSSG-reductase-DTNB recycling procedure as we have described previously.'0 To measure GSSG, the samples were first depleted of GSH by incubation with 2-vinylpyridine followed by the GSSG-reductase-DTNB recycling procedure. GSH concentrations were then calculated by subtracting the GSSG values from the total GSH values. The GSH and GSSG values were determined by comparison with GSH and GSSG (Sigma) standard curves.
STATISTICAL ANALYSIS
The results were expressed as mean (SE). shown by increased levels of total protein in the BAL fluid compared with PBS instilled control animals (fig 3) . At this time point LDH levels were higher than those in BAL fluid from control animals (table 1). As with the influx of inflammatory leucocytes, the greatest increase in air space epithelial permeability occurred following instillation of ufCB, CB producing a lesser increase in epithelial permeability than PM,o or ufCB (fig 3) . 
Discussion
This study examined our hypothesis' that PM1o causes airway inflammation and that this occurs partly because of the oxidant properties of the numerically predominant ultrafine particle component. 14 Our observations show that six hours after intratracheal instillation PMIo produced an acute neutrophil influx into the air spaces with accompanying increased epithelial permeability. This inflammation and increase in epithelial permeability could have been partly due to a direct PM1o induced epithelial injury reflected in the raised LDH concentrations in the BAL fluid. The ability of PM10 to cause epithelial permeability was confirmed in vitro by the increased transfer of albumin across epithelial monolayers in the presence of PM1o.
However, this was not associated with cell injury as measured by increased LDH release.
In preparing PM,0 suspensions we found that there was contamination with a small number of fibres derived from the filter during the preparation procedure. The potential for these fibres to contribute to the biological activities of the PM1o preparation was therefore addressed. We assessed the ability of filter fibre suspension (FFS) alone, which contained at least 30 times as many fibres as the PM,, suspension, to cause pro-inflammatory effects when instilled into rat lungs. These studies showed that the fibres alone do not cause a neutrophil influx into the air spaces, nor do they increase epithelial permeability or decrease GSH levels in BAL fluid. We therefore con- tential of another ultrafine particle, TiO2. This material has free radical activity in the ultrafine form (20 nm in diameter), but is inert as larger sized particles (250 nm). 8 Further evidence in support ofthe contention that it is the free radical activity of PM,0 that is responsible for its biological activity in vivo is shown by changes in the important lung antioxidant glutathione. PM10 decreased reduced glutathione (GSH) but had no effect on the levels of oxidised glutathione (GSSG) The results of this study are preliminary and are limited due to the lack of the availability of large quantities of PM,o. We have therefore only been able to study an animal model of instillation rather than the preferred inhalational model which would be more relevant to environmental exposures. As a result, comparative calculation of the doses relative to environmental exposures are difficult. Furthermore, it is possible that the characteristics of the PM,o may be altered by storage and the process of removing it from the filters. In this preliminary study, where only one dose and the effects at one time point could be achieved due to the availability of PMo,0 we therefore opted to study a dose which was higher than environmentally plausible.
However, with all of these constraints, this study provides evidence that PM,o has free radical activity and causes an inflammatory response and epithelial injury in the lungs. These data provide support for our hypothesis7 of the mechanism of the harmful effects of PM,o in exacerbating airways diseases.
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